In this paper, the modeling, control design, and stability analysis of three-phase VSIs are derived. The proposed voltage and current inner control loops and the mathematical models of the VSIs were based on the stationary reference frame. A hierarchical control for the paralleled VSI system was developed based on three levels. The primary control includes the droop method and the virtual impedance loops, in order to share active and reactive power. The secondary control restores the frequency and amplitude deviations produced by the primary control. And the tertiary control regulates the power flow between the grid and the microgrid. Also, a synchronization algorithm is presented in order to connect the microgrid to the grid. The evaluation of the hierarchical control is presented and discussed. Experimental results are provided to validate the performance and robustness of the VSIs functionality during Islanded and grid-connected operations, allowing a seamless transition between these modes through control hierarchies by regulating frequency and voltage, main-grid interactivity, and to manage power flows between the main grid and the VSIs.
I. INTRODUCTION
ECENTLY, MicroGrids (MGs) are emerging as a possibility of test future SmartGrid issues in small scale. In addition, power electronics-based MGs are useful when integrating renewable energy resources, distributed energy storage systems and active loads. Indeed, power electronics equipment is used as interface between those devices and the MG. This way, MG can deal with power quality issues as well as increase its interactivity with the main grid or with other MGs, creating MG clusters [1] .
Voltage source inverters (VSIs) are often used as a power electronics interface. The control of the parallel VSIs forming a MG has been investigated in last years. Decentralized and cooperative controllers such as the droop method have been proposed in the literature. Further, in order to increase the reliability and performances of the droop controlled VSIs, virtual impedance control algorithms have been also developed, providing to the inverters hot-swap operation, harmonic power sharing and robustness against line power impedances [2] .
Droop control is a kind of collaborative control used for share active and reactive power between VSIs in a cooperative way. It can be seen as a primary power control of synchronous machine. However, the price to pay is that the sharing is obtained through voltage and frequency deviations of the system [3] , [4] . Thus, secondary controllers are proposed in order to reduce those deviations, like in large power systems [1] . Hence, the MG can operate in island, restoring the frequency and amplitude deviations created by the total amount of active and reactive power demanded by the load [3] .
In the case of transferring from islanded operation to grid connected mode, it is necessary to first synchronize the MG to the grid. Thus, a distributed synchronization control algorithm is necessary [1] . Once the synchronization is reached, a static transfer switch connects the MG to the grid or to a MG cluster. After the transfer process between islanded and grid-connected modes is finished, it is necessary to control the active and reactive power flows at the common coupling point (PCC). This can be done by a tertiary controller that should take into account state of charge (SoC) of the energy storage systems, available energy generation, and energy demand [5] . These aspects are out of the scope of this paper.
In this paper a hierarchical control for a parallel VSI system was developed by using stationary reference frame and hierarchical control. The inner control loops of the VSIs where based on current and voltage resonant controllers. Active and reactive power calculations have been used to droop the frequency and amplitude of the individual VSIs voltage references and a virtual impedance loop has been included. A MG central controller that includes a secondary control and a synchronization control loop have been developed in order to restore frequency and amplitude in the MG and to synchronize it with the grid.
The paper is organized as follows. Section II, system modeling and control design of the voltage and current control loops are presented. Section III shows the droop control and virtual impedance design. Section IV proposes a coordinated synchronization control loop for the MG. Section V presents the secondary control of frequency and voltage. The simulation results are shown in Section VI. Section VII presents the experimental results and concludes the paper. 
II. INNER CONTROL DESIGN
The control proposed for the VSIs is based on the droop framework proposed for parallel inverters, including voltage and current control loops, virtual impedance, and droop control strategy. . Notice that both current and voltage loops need harmonic terms to give the harmonic current needed and to suppress the harmonic voltage content, respectively.
The voltage and current controllers are based on a PR structure, where generalized integrators (GI) are used to achieve zero steady-state error. For consistency and simplicity, the plant and the controller are modeled in stationary reference frame, avoiding the use of DQ transformations for each harmonic term.
As a three-phase system can be modeled as two independent single phase systems based on the abc/ coordinate transformation principle, the control diagram can be expressed and simplified as depicted in In order to analyze the closed-loop dynamics of the system, the Mason's theorem is applied for block diagram reduction and the following transfer function is derived from Fig. 3 : 
By using the closed loop model described by equations (1)- (4), the influence of the control parameters over the fundamental frequency can be analyzed by using the Bode diagrams shown in Fig. 3 . 
III. DROOP CONTROL AND VIRTUAL IMPEDANCE LOOP
With the objective to parallel connected the VSI units, the reference V ref of the voltage control loop will be generated by the droop controller and the virtual impedance. The droop control is responsible to adjust the phase and the amplitude of the voltage reference according to the active and reactive powers (P and Q), hence ensuring P and Q flow control.
The droop control functions can be defined as following: 
being k iP and k pQ the droop coefficients, while k pP can be considered as a virtual inertia of the system, also known as transient droop term. Fig. 6 shows the block diagram of the droop control implementation. It consists of a power block calculation that calculates P and Q in the -coordinates by using the following well-known relationship [7] :
being p and q active and reactive power before filtering, v c and i c the capacitor voltage and the filter current. In order to eliminate p and q ripples, the following low pass filters are applied to obtain P and Q: being c the cut-off frequency of the low-pass filters.
Finally the voltage reference can be obtained by using the following equation:
being E the amplitude determined by (6) and the frequency determined by (5) and . dt t The -coordinates variables are obtained by using the well-know transformation:
This transformation have been used for currents and voltages from abc to . This way our system can be regarded as two single phase systems.
In addition, a virtual impedance loop has been added to the voltage reference in order to fix the output impedance of the VSI, endowing stability to the system, as expected by the droop method. Fig 7 depicts the implementation of the virtual impedance loop. Although the series impedance of a generator is mainly inductive due to the LCL filter, the virtual impedance can be chosen arbitrarily. In contrast with physical impedance, this virtual output impedance has no power losses, and it is possible to implement resistance without efficiency losses. The virtual impedance loop can be expressed as following in -coordinates [6] :
being R V and L V the virtual resistance and inductance value, and V v and i o the voltage and output current in -frame. Taking into account the virtual voltage drop across the virtual impedance V v is subtracted from the voltage reference, we can calculate the output impedance of the closed-loop system:
being L o the output inductor of the LCL filter. The closed-loop model of the VSI can be represented by means of the Thévenin equivalent circuit shown in Fig. 8 , which can be expressed as:
being v out the output voltage of the VSI considering the LCL filter, the voltage and current control loops and the virtual impedance loop. By analyzing the closed loop output impedance Z o (s), we can obtain the Bode plot shown in Fig. 9 . 
IV. COORDINATED SYNCHRONIZATION LOOP
The droop control can be used in both islanded and grid connected modes. In order to synchronize all the VSI of the MG, a coordinated synchronization loop is necessary to synchronize the MG with the grid. In this section, a synchronization control loop in stationary reference frame is proposed as shown in Fig. 10 . being <x> the average value of the variable x over the line frequency. Thus, we can easily derive the following PLL structure, which consist of this orthogonal product, a low-pass filter and a PI controller:
v v s s where k p and k i are the coefficients of the PI, and the signal sync is the output of the coordinated-PLL to be sent to each VSI to adjust their individual P-droop function. Notice that by using frequency data is suitable for low bandwidth communications, instead of using phase or time domain information, which would need critical high-speed communications. This algorithm also reduces computational requirement without hampering the P/Q control loop performances. The signal sync is added by each individual VSI, integrating and adding over the phase of the system, as can be seen in Fig. 6 .
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V. SECONDARY CONTROL FOR VOLTAGE-FREQUENCY RESTORATION
The secondary control is responsible of removing any steady-state error introduced by the droop control [8] . The frequency and amplitude restoration compensators can be derived as [5] :
being k p , k i , k p , and k iE the control parameters of the secondary control compensator. In this case, rest and E rest must be limited in order to do not exceed the maximum allowed frequency and amplitude deviations. Fig. 11 shows the overall control system, considering current and voltage control loops, virtual output impedances, droop controllers, and secondary control of a MG.
A. FREQUENCY RESTORATION SECONDARY CONTROL
In order to analyze the system stability and to adjust the parameters of the frequency secondary control, a model have been developed, as can be seen in Fig. 12 . The control block diagram includes the droop control of the system (m=k iP ), the simplified PLL transfer function used to extract the frequency of the MG, and the secondary control G fsec (s), followed by a delay G d (s) produced by the communication lines.
From the block diagram we can obtain the following model:
where the transfer functions can be expressed as follows: 
being: 1.5
k By using this model, the dynamic of the system can be obtained as shown in Fig. 15 . 
VI. SIMULATION RESULTS
The proposed control was tested through proper simulations in order to validate its feasibility. The three-phase MG is shown in Fig. 11 . Two three phase VSIs with all the proposed loops were simulated by using the primary and secondary control loops. The switching frequency of the inverters was set at 10 kHz. The control system was discretized regarding the sampling time of 10 kHz. The model has been implemented in Simulink/Matlab by using the powersys toolbox. Fig. 16 shows the voltage and current waveforms of a VSI when supplying a nonlinear load. Fig. 17 exhibits the voltage harmonic content for this case. Figs. 18 and 19 show the frequency and amplitude restoration achieved by the secondary control action. VII.
EXPERIMENTAL RESULTS AND CONCLUSIONS
In order to test the feasibility of the theoretical studies done and the simulations obtained, an experimental MG setup was built as depict in Fig. 11. Fig. 20 shows the experimental setup consisting of two Danfoss inverters, voltage and current sensors, LCL filters, and a dSPACE1103 to implement the proposed control algorithms. Figs. 21 and 22 show the voltage and current waveforms of a VSI when supplying a nonlinear load. Figs. 23 and 24 show the frequency and amplitude restoration. Fig. 25 shows the synchronization process between the MG and the grid.
These experimental results show the good performance of the MG, being hierarchical control a promising approach for built next smart MG concepts. 
